Objectives: The objective of this study was to characterize the molecular mechanism of coproduction of KPC-2 and NDM-1 in Citrobacter freundii.
Introduction
Coproduction of multiple carbapenemases in a single bacterial isolate often makes the isolate an extremely drug-resistant variant. There are three reports of the simultaneous presence of bla KPC and bla NDM (i.e. association of KPC-2 with NDM-1) in Klebsiella pneumoniae from India 1 and in Enterobacter hormaechei and Enterobacter cloacae from Brazil. 2, 3 These detected KPC/NDM genes appear to be plasmid-borne, but none of the plasmids has been sequenced to gain deep insight into the mechanisms of antibiotic resistance. In this study, phenotypic experiments combined with plasmid sequencing and comparative genomics analysis disclose the coexistence of a novel KPC-2-encoding MDR plasmid, p112298-KPC, and an NDM-1-encoding pNDM-HN380-like plasmid, p112298-NDM, in a clinical Citrobacter freundii isolate from China.
Materials and methods
C. freundii strain 112298 was isolated from midstream urine specimens from a 56-year-old male with septic shock in a teaching hospital in Guangzhou city in China in July 2013. Bacterial species identification was performed using a Bruker MALDI Biotyper and 16S rRNA gene sequencing. 4 The major carbapenemase and ESBL genes were detected by PCR, followed by amplicon sequencing on an ABI 3730 sequencer. 5 Plasmid electroporation and conjugal transfer were performed with Escherichia coli TOP10 and EC600, used as recipients for selection of bla NDM -or bla KPC -positive electroporants and transconjugants, respectively. 5 The MIC values were determined by VITEK 2 (BioMérieux) and antimicrobial susceptibility was judged by CLSI standards (Performance Standards for Antimicrobial Susceptibility Testing: Twenty-second Informational Supplement M100-S22). Plasmid DNA was isolated from electroporants using the Qiagen Large-Construct Kit, sequenced by a whole-genome shotgun strategy in combination with Illumina HiSeq 2500 sequencing technology, and then annotated and compared with closely related plasmids. 5 The sequences of p112298-KPC and p112298-NDM were submitted to GenBank under accession numbers KP987215 and KP987216, respectively.
Results and discussion
Clinical C. freundii coproducing KPC-2 and NDM-1
Strain 112298 harboured bla NDM-1 , bla SHV-12 , bla KPC-2 , bla OXA-1 and bla CTX-M-14 . p112298-NDM, but not p112298-KPC, could be transferred into EC600 through conjugation, generating the transconjugant 112298-NDM-EC600 harbouring bla NDM-1 and bla SHV-12 . Both p112298-NDM and p112298-KPC could be transferred into TOP10 through electroporation, yielding two corresponding electroporants 112298-NDM-TOP10 (in the presence of bla NDM-1 and bla ) and 112298-KPC-TOP10 (in the presence of bla KPC-2 , bla OXA-1 and bla CTX-M-14 ), respectively. 112298 was resistant to all the penicillin, b-lactamase inhibitor, monobactam, cephalosporin, carbapenem, fluoroquinolone, furane and sulphonamide drugs tested, but remained susceptible/intermediate to aminoglycosides, whereas 112298-NDM-EC600, 112298-NDM-TOP10 and 112298-KPC-TOP10 were resistant to all penicillins, b-lactamase inhibitors, monobactams, cephalosporins and carbapenems tested, but remained susceptible/intermediate to all the other drugs tested (Table 1) .
Comparative genomics of p112298-KPC p112298-KPC ( Figure 1a ) is a 117288 bp circular molecule with a total of 125 annotated ORFs and an average GC content of 52.25%; it could not be assigned to any known incompatibility group. p112298-KPC consists of an 82.3 kb backbone, encoding plasmid replication (repA), stability (parABM, stbB, mobC etc.) and transfer (tra, trb and pil) functions, and two accessory modules, namely a 1287 bp ISEc42 element and a 33.6 kb MDR region ( Figure 1b) . The deduced replication initiator protein RepA belongs to the IncFII RepA superfamily and matches various RepA proteins from Citrobacter and Enterobacter with .98% amino acid Penicillins identity. The p112298-KPC backbone is organized very similarly to that of E. cloacae plasmids p34399-106.698 kb (CP010385) and p34998-106.409 kb (CP010383), but with a nucleotide identity of only 87%. Insertion of ISEc42 between trbB and trbC in an opposite transcriptional direction from the trbABC operon ( Figure 1c ) would impair synthesis of the primary RNA transcript of this operon, likely making p112298-KPC non-conjugative.
The primary component of the MDR region is a Tn1722-bla KPC-2 unit transposon bounded by 38 bp inverted repeats (IRs) and further flanked by 5 bp direct repeats (DRs) at both ends, and this transposon is further disrupted between repB and mcp by sequential insertion of an IS26-mphA transposition unit, an In37-like class 1 integron, a DIS26 element, an IS26-fosA3 composite transposon and an ISEcp1-bla CTX-M-14 transposition unit. Five Coexistence of KPC and NDM in Citrobacter freundii 2989 JAC copies of intact or truncated IS26 elements are located at different sites within this MDR region, and homologous recombination between the common component IS26 as an adaptor would mediate insertion, deletion and rearrangement of various gene modules, building a common complex mosaic MDR structure rather than significantly separate drug-resistant regions.
Tn1722-based transposons are frequently described as bla KPC platforms in China, 6, 7 while bla KPC genes in most cases are located in Tn4401 in European and American countries. 8, 9 The prototype Tn1722-bla KPC-2 transposon as observed in pKP048 has a linear structure, Dmcp-Tn3-ISKpn27-bla KPC-2 -DISKpn6-korC-klcAunknownORF-repB-Tn1722; 10 in contrast, the Tn1722-bla KPC-2 transposon in p112298-KPC has undergone reversion of Tn1722, truncation of Tn1722 and Tn3, and insertion of IS26 downstream of Tn1722.
The IS26-based transposition unit in p112298-KPC is organized as IS26-mphR-mrx-mphA bound by 14 bp IRs, as found in pP2G1 from Aeromonas of river origin. 11 The mphA-mrx-mphR operon (macrolide resistance) encodes the macrolide phosphotransferase MphA, an Mrx protein required for MphA expression and a negative transcriptional regulator, MphR. 12 The IS26-mphA transposition units are connected with the In37-like class 1 integrons in both p112298-KPC and pP2G1. 11 Originally described in clinical E. coli from China, In37 is a complex class 1 integron sequentially organized as a 5 ′ -conserved sequence (5 ′ -CS; intI1), variable region 1 [VR1; consisting of aac(6 ′ )-Ib-cr (quinolone resistance), bla OXA-1 (cephalosporin resistance), catB3 (chloramphenicol resistance) and arr-3 (rifampicin resistance)], 3
′ -CS1 [qacEDl (quaternary ammonium resistance) and sul1 (sulphonamide resistance)], ISCR1, VR2 [qnr (quinolone resistance) and ampR (ampicillin resistance)], 3 ′ -CS2 (qacEDl and sul1), orf5, orf6 and IS6100, and this integron contains 15 bp IRs plus 5 bp DRs at both ends. 13 The In37-like class 1 integron of p112298-KPC, which is also found in pHK23a recovered from E. coli of swine origin from China, 14 has undergone loss of IRs/DRs at both ends, truncation of intI1 (likely resulting from insertion of the whole integron into the Tn1722-bla KPC-2 transposon), loss of ISCR1-VR2-3 ′ -CS2 characteristic of a complex class 1 integron, and replacement of orf5-orf6 by a putative IS5075-based transposition unit harbouring chrA (chromate resistance). The In37-like class 1 integron in pP2G1 differs from the counterpart of p112298-KPC by the absence of the IS5075-chrA transposition unit, but the presence of orf5 and orf6.
11
Fosfomycin is an adjunct for treatment of infections caused by KPC-producing Enterobacteriaceae. Glutathione S-transferase, encoded by fosA3, is able to inactivate fosfomycin. fosA3, together with the three hypothetical genes orf1, orf2 and Dorf3, is located between two IS26 elements oriented in opposite directions, constituting an IS26-based composite transposon in p112298-KPC. There are many IS26-fosA3 transposon derivatives, with different versions of truncation within orf1-orf2-Dorf3, characterized in Enterobacteriaceae from Asian countries; for instance, loss of orf2 and Dorf3 occurs in pHN7A8 recovered from E. coli from a dog in China. 15 Notably, the IS26-fosA3 composite transposons are connected to the ISEcp1-based transposition units in both p112298-KPC and pHN7A8. 15 The p112298-KPC ISEcp1-based transposition unit, bound by 14 bp IRs, contains bla CTX-M-14 (cephalosporin resistance) together with an upstream ISEcp1 and a downstream IS903D followed by DiroN and, by contrast, loss of the left IR and truncation of ISEcp1 has occurred in pHN7A8. 15 Similar structures of ISEcp1-bla CTX-M -IS903D-DiroN have been found in various plasmids of global origin. 16 Comparative genomics of p112298-NDM p112298-NDM ( Figure S1 , available as Supplementary data at JAC Online) is highly similar to pNDM-HN380, 17 an IncX3-type plasmid from clinical K. pneumoniae from China, and the genetic differences between these two plasmids include only a 3.5 kb inversion, together with a 546 bp deletion within this inverted region, and two SNPs. A seven-gene cluster serves as the entire accessory content of the prototype IncX3 plasmid pEC14_35. 17 In p112298-NDM and pNDM-HN380, umuD at the 3 ′ end of the seven-gene cluster is disrupted by sequential insertion of DTn3, IS3000, a bla NDM-1 -containing DTn125 element and an IS26-bla SHV-12 composite transposon; moreover, a DISEc53 element is inserted downstream of umuD, constituting the sole 23.9 kb accessory module of these two plasmids. pNDM-BJ01 from clinical Acinetobacter lwoffii in China contains the prototype Tn125, sequentially organized as ISAba125, bla NDM-1 , ble MBL (bleomycin resistance), DtrpF, dsbC, cutA, DgroES, groEL, ISCR27 and ISAba125 and flanked by 3 bp DRs at both ends. 18 In the Tn125 derivative of p112298-NDM/pNDM-HN380, the downstream copy of ISAba125 is absent while the upstream copy is disrupted by IS5 and no flanking DRs can be identified. The IS26-bla SHV-12 composite transposon contains bla SHV-12 (cephalosporin resistance), ygbJ and ygbI, which are flanked by two copies of IS26 oriented in opposite directions at both ends; the inversion of the whole transposon and further the 546 bp deletion within one of the two IS26 copies occur in p112298-NDM relative to pNDM-HN380.
Conclusions
C. freundii 112298 coproduces KPC-2 and NDM-1, making this isolate highly resistant to carbapenems. This fact is worrisome to a considerable degree because bla KPC-2 is associated with many additional resistance genes (resistance to cephalosporins, chloramphenicol, chromate, fosfomycin, quaternary ammonium, rifampicin and sulphonamides) and mobile elements (ISs, transposons and class 1 integron). Coexistence of a large number of resistance genes in a single isolate denotes its rapid evolution and its potent ability to acquire and maintain different resistance genes, which will facilitate its dissemination and persistence under different antimicrobial selection pressures. Future studies are needed to evaluate the prevalence of the above plasmids among environmental, animal and human isolates in China and other countries. 
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